ABSTRACT Aims/Introduction: Impaired glucose tolerance (IGT) is a subtype of prediabetes, a condition having high risk for development to diabetes mellitus, but its pathophysiology is not fully understood. In the present study, we examined metabolic changes in IGT by using two types (D-glucose [Glc] and partial hydrolysate of starch [PHS]) of oral glucose tolerance tests (OGTTs), with emphasis on serum incretins and metabolites. Materials and Methods: We carried out the two types of OGTT (Glc/OGTT and PHS/ OGTT) in 99 young Japanese individuals who had tested either positive (GU + ; n = 48) or negative (GU -; n = 51) for glycosuria. After OGTT, they were sub-grouped into five categories: normal glucose tolerance (NGT) in the GU -group (GU -/NGT; n = 49), NGT in the GU + group (GU + /NGT; n = 28), IGT (n = 12), diabetes mellitus (n = 1) and renal glycosuria (n = 9). Serum incretin and metabolites of GU -/NGT and IGT were then measured. Results: When the serum insulin level at each time-point during PHS/OGTT was expressed as its ratio relative to Glc/OGTT, it was increased time-dependently in GU -/NGT, but not in IGT. Such an increase in the ratio was also detected of serum incretin levels in GU -/NGT, but not in IGT, suggesting a lack of deceleration of oligosaccharide absorption in IGT. Metabolome analysis showed a difference in the serum levels of two metabolites of unknown function in mammals, methylcysteine and sedoheptulose 1,7-bisphosphate, between GU -/NGT and IGT. Conclusions: Comparison of PHS/OGTT and Glc/OGTT showed that oligosaccharide absorption was accelerated in IGT. Methylcysteine and sedoheptulose 1,7-bisphosphate could be novel markers for dysregulated glucose metabolism.
INTRODUCTION
Diabetes mellitus is a metabolic disorder characterized by chronic elevation in blood glucose levels. The number of diabetes mellitus patients is rapidly increasing and has become an urgent social burden. In addition, recent clinical studies have shown that restoration of normal glucose regulation by lifestyle modification and/or pharmacological intervention in individuals with "pre"-diabetes is required for preventing microvascular and macrovascular complications of diabetes mellitus 1, 2 . However, the progression to overt diabetes mellitus from impaired glucose tolerance (IGT), a subtype of prediabetes, can be significantly reduced by lifestyle interventions Presently, diagnosis of diabetes mellitus is made principally on plasma glucose criteria, which requires either fasting plasma glucose or 2-h plasma glucose levels after a 75-g oral glucose tolerance test (OGTT) and/or glycated hemoglobin (HbA 1c ) criteria [4] [5] [6] . The 75-g OGTT was initially carried out with 75 g anhydrous D-glucose (Glc) dissolved in water. However, another type of test solution composed of partial hydrolysate of starch (PHS) was established in the 1960s 7, 8 that reduced the sweetness and associated gastrointestinal symptoms. In 1983, Heine et al. 9 compared OGTT with Glc (Glc/OGTT) and that with PHS (PHS/OGTT). They found that the area under the curve of plasma glucose and that of serum insulin for 0-15 min after ingestion were both higher in Glc/OGTT than in PHS/OGTT, when the test solution was ingested rapidly (over 1 min). In addition, differential responses in plasma glucose and serum insulin between Glc/OGTT and PHS/OGTT were reported in a case with possible abnormality in di-and oligosaccharide digestion 10 . Nevertheless, in general, Glc/OGTT and PHS/OGTT have been considered to be practically equivalent 7, 8 , without being compared thoroughly by repetitive, two-round OGTT in a sufficient number of subjects.
In the~50 years since the establishment of test solutions containing PHS, knowledge of gastrointestinal carbohydrate absorption and regulation of glucose homeostasis, especially that by incretins, has greatly advanced 11, 12 . We previously reported that inhibition of hydrolysis of disaccharides (sucrose or maltose) by a-glucosidase inhibitors significantly increased secretion of glucagon-like peptide-1 (GLP-1) 13, 14 . In addition, the incretin effect has been reported to be attenuated in prediabetes 15 . Therefore, we hypothesized that individuals with IGT and those with normal glucose tolerance (NGT) might show different glycemic responses to the two OGTTs. In addition to the progress in incretin studies, the recent technique of mass spectrometry has made measurement of a variety of molecules in blood samples during OGTT possible [16] [17] [18] [19] . Such metabolome analysis is becoming a powerful tool to unveil the pathophysiology of various metabolic disorders. In the present study, we examined metabolic alterations of IGT by the use of two types of OGTT (Glc/OGTT and PHS/OGTT), and searched for novel serum metabolites that might be useful as markers for IGT.
METHODS

Participants
From April 2013 to March 2015, 22,036 college students at Chiba University underwent a routine, annual, medical checkup including a test for glycosuria by urinary test strip (Figure 1) . A total of 129 glycosuria-positive (GU + ; ≥1) participants were recommended to consult a doctor for detailed examination. A total of 52 of the 129 GU + participants were recruited for the present study, which was a consecutive, two-round OGTT; 48 participants completed the study (four withdrew after enrollment). As controls, 55 college students who tested negative (<1) for glycosuria (GU -) were examined; 51 of them completed the study (two were withdrawn due to difficulty in repeated blood sampling and two withdrew from the test). The GU -participants with medical illnesses, taking regular medication, or having a family history of diabetes within the second degree of kinship were excluded to minimize bias in the metabolic characteristics of normal controls. Although the GU -group did not precisely match the GU + group, there were no significant differences in sex, age or body mass index. The HbA 1c of the GU + group was slightly, but significantly, higher than that of the GU -group. To reinforce our statistical analysis, we sought a sample size as large as possible. We therefore solicited all GU + students who had participated in the health checkup at Chiba University over a 2-year period (2013 April to 2015 March) to participate in the study. The study protocol was approved by the ethics committee of Chiba University, and written informed consent was obtained from all participants. The study conforms to the provisions of the Declaration of Helsinki.
Study protocol
Each of the participants was subjected to the two types (75 g anhydrous D-glucose or PHS equivalent to 75 g Glc) of OGTT on two separate days with an interval of ≥4 days but <6 months. For Glc/OGTT, 75 g anhydrous D-glucose dissolved in commercially available sparkling water in a volume of 225 mL was used; 225 mL TRELAN â -G75 (AY Pharmaceuticals Co. Ltd., Tokyo, Japan) was used for PHS/OGTT. Blood samples were withdrawn from a cubital vein before, and 30, 60, 90 and 120 min after ingestion of Glc or PHS.
Diagnosis of glucose tolerance (NGT, IGT and diabetes mellitus) was made in accordance with the current diagnostic criteria established by the American Diabetes Association 4 . IGT and diabetes mellitus were diagnosed when the results of either of the two OGTTs met the diagnostic criteria. As the diagnostic criteria of renal glycosuria have not been established, we used the appearance of glycosuria (≥50 mg/dL, at any time-point) in the absence of hyperglycemia (≥170 mg/dL, for all time-points) during OGTT. Based on the results of the OGTTs, the participants were classified into five categories: (i) GU + /NGT (NGT in GU + group); (ii) GU -/NGT (NGT in GU -group); (iii) IGT; (iv) diabetes mellitus; and (v) renal glycosuria ( Figure 1 ). Participants with renal glycosuria or diabetes mellitus were excluded from further evaluation, as renal glycosuria can influence glycemia in the former and, in the latter, the small sample size (n = 1) precluded statistical analysis. The area under the curve (AUC) of each of the measurements was calculated according to the trapezoid rule. The insulinogenic index (an index of insulin secretory capacity) and Matsuda index (an index of insulin sensitivity) was calculated as previously described 20 .
Analytical procedures
Metabolome analysis by hydrophilic interaction chromatography tandem mass spectrometry Serum concentrations of 263 metabolites were analyzed using hydrophilic interaction chromatography tandem mass spectrometry procedures reported previously 21, 22 . The serum levels of 42 metabolites found to be stable under our storage conditions (-20°C) were measured.
Statistical analysis
Data was presented as mean -standard error of the mean. Difference in the measurement values (such as those for plasma glucose, serum hormones and serum metabolites) between the types of carbohydrate solution (PHS and Glc) or the time-points (0 and 120 min) were evaluated using either the two-way ANOVA 
RESULTS
Classification of the participants with or without glycosuria
The clinical characteristics of GU + and GU -are listed in Table 1 . Although OGTT was well tolerated in both GU + and GU -, two GU -participants failed to complete the study because of technical difficulties in repeated blood sampling. We compared plasma glucose levels after PHS/OGTT and after Glc/OGTT (Figure 2a ). The plasma glucose levels at 90 and 120 min after PHS/OGTT were slightly, but significantly, higher than those after Glc/OGTT. Serum insulin levels at 90 and 120 min after PHS/OGTT were also significantly higher than those after Glc/OGTT (Figure 2b ). AUCs (from 0 to 120 min) of plasma glucose (AUC Glc ) and serum insulin (AUC Ins ) in PHS/OGTT were both significantly higher than those in Glc/OGTT (Figure 2c,d) .
Based on the results of OGTTs, GU + participants (n = 48) and GU -participants (n = 51) were classified into five categories: GU + /NGT (n = 28), GU -/NGT (n = 49), IGT (n = 12), diabetes mellitus (n = 1) and renal glycosuria (n = 9; Figure 1 ). We discriminated GU -/NGT and GU + /NGT with an aim to clarify whether they have equivalent glucose tolerance, as in clinical settings, GU + /NGT individuals are liable to be judged to be "normal" and escape from follow-up observation. The frequency of abnormal glucose tolerance (IGT or diabetes mellitus) in GU + participants (11/48, 18.6%) was significantly higher Table 2 . These participants were also young and lean, differing only in HbA 1c levels (significantly higher in IGT vs GU -/NGT).
Difference in glycemic and insulin excursion among subgroups The changes in plasma glucose and serum insulin levels were compared among the GU -/NGT, GU + /NGT and IGT groups (Figure 2e,f) . The plasma glucose levels after PHS/OGTT were highest in IGT and lowest in GU -/NGT (Figure 2e, left) . When assessed by AUC of plasma glucose over 120 min after OGTT (AUC Glc ), the value of GU -/NGT was significantly lower than that of GU + /NGT (P < 0.001), as well as that of IGT (P < 0.001; Figure 2e , right), suggesting that glucose tolerance in GU + /NGT is inferior to that in GU -/NGT, although both are diagnosed as normal. The same results were obtained by Glc/OGTT (data not shown).
We then compared the insulin secretory response among these groups. The temporal patterns of insulin secretion after PHS/OGTT differed among GU (Figure 3a,b) . In accord with the higher plasma glucose in the late phase of PHS/OGTT compared with that in Glc/OGTT (Figure 2a) , a very small time-dependent increase in the plasma glucose ratio (the ratio of the value in PHS/OGTT to that in Glc/OGTT) was noticed (Figure 3a) . However, there was not a significant difference in the ratio among GU -/NGT, GU + /NGT and IGT. By contrast, when the PHS/Glc ratio was plotted for serum insulin, there was a gradual increase in GU -/ NGT, but not in IGT (Figure 3b ).
Difference in time-courses of incretin secretion between Glc/ OGTT and PHS/OGTT We then measured the serum incretin levels of total GIP (Figure 3c-e) and total GLP-1 (Figure 3f-h) in each of the groups. As expected, serum levels of GIP and GLP-1 were increased time-dependently in GU -/NGT, but not in IGT. Interestingly, insulin and incretin excursion after PHS ingestion differed from that of Glc in GU -/NGT, but was undistinguishable in IGT.
Difference in levels of serum metabolites during OGTT between GU -/NGT and IGT To identify metabolic differences in the prediabetic condition, we quantified serum metabolites before and 120 min after OGTT in both GU -/NGT and IGT. Using hydrophilic interaction chromatography tandem mass spectrometry, we were able to quantify the serum levels of 42 metabolites, and OPLS-DA analysis was then carried out to identify the significant differences.
First, we searched for the metabolites showing distinct differences between PHS/OGTT and Glc/OGTT; however, no such metabolites were found. Next, we attempted to identify metabolites with different serum levels before and 120 min after OGTT. Four sets of comparison were carried out: difference before vs after (i) Glc/OGTT in GU /NGT was used not for selecting the metabolites, but rather for evaluating their serum levels. Variable importance in projection scores was calculated for each metabolite based on its contribution to statistical discrimination. In total, 18 metabolites were found to meet the selection criteria (variable importance in projection > 1.0, r > 0.4 or r < -0.4; Table 3 ), and then were subjected to further evaluation. We found that dopamine, histidine, methylcysteine and uracil were altered during both OGTTs in GU -/NGT, but not in IGT (Table 3) . Among these, we focused on methylcysteine, the serum levels of which were significantly decreased in both OGTTs (Glc/OGTT and PHS/OGTT) in GU -/NGT, but not in IGT (Figure 4e,f) . These results suggest that glucose-induced suppression of methylcysteine requires normal glucose metabolism and that it is compromised in IGT.
We also searched for metabolites differentially present in GU -/NGT and IGT, and we found that the serum level of sedoheptulose 1,7-bisphosphate (SBP) at 120 min after PHS/ OGTT was lower in IGT than that in GU -/NGT. After analyzing the other sets of comparison, we found that serum SBP levels were significantly lower in IGT compared with those in GU -/NGT (Figure 4g,h ).
DISCUSSION
Although Glc/OGTT is safe and is essential for diagnosing IGT, it has been recognized that it can cause discomfort as a result of too much sweetness and gastrointestinal symptoms (e.g., nausea and diarrhea) because of its high osmolality. To address these drawbacks, test solutions composed of partial hydrolysate of starch were established in the 1960s in the USA (Glucola â , 1965) and in Japan (TRELAN â -G75, 1967), independently 7, 8 , and the results of Glc/OGTT and PHS/OGTT have been considered to be equivalent 7 ; both Glc and PHS are authorized for use in OGTT in Japan 5 . However, considering the less-frequent gastrointestinal adverse reactions during PHS/OGTT, we hypothesized that the dynamics of glucose absorption of the two OGTTs might differ. In the~50 years since the introduction of Glucola and TRELAN â -G, there has been a great advance in understanding incretin physiology and in techniques for measuring metabolites using mass spectrometry. We therefore compared metabolites during OGTT in GU -/NGT and IGT with special emphasis on changes in incretins and serum metabolites.
As expected, excursions of plasma glucose and serum insulin of Glc/OGTT and PHS/OGTT were found not to be equal when all data (n = 99) were combined; they were significantly higher in PHS/OGTT than those in Glc/OGTT in the late phase (at 90 and 120 min). Because of the small difference seen between the two tests, this dissimilarity is unlikely to result in an erroneous diagnosis of individual cases in a clinical setting. Nevertheless, these results show a clear difference between mono-and oligosaccharide ingestions in terms of the kinetics of glucose metabolism after glucose loading.
Interestingly, we found that the serum levels of insulin, GIP and GLP-1 during PHS/OGTT expressed as the ratio to Glc/ OGTT showed a time-dependent increase in GU -/NGT, but not in IGT, suggesting that retardation of gastrointestinal absorption of oligosaccharides occurs in GU -/NGT, but is lost in IGT. Horowitz et al. 23 reported that plasma glucose and serum insulin levels at 120 min after OGTT are related to gastric emptying in humans. In addition, levels of GLP-1 and GIP were reported to be related to the gastric load of glucose 24 , and the existence of glucose in gut lumen was reported to be required for sustained GLP-1 secretion 14 . Considering that nutrient digestion/absorption is minutely regulated 25 , it is tempting to hypothesize that undigested nutrients might slow the digestion/absorption process in NGT, and that this system becomes dysregulated in IGT. Regardless of the cause for the lack of delay in gastric absorption of oligosaccharide in IGT, our present study suggests that the dynamics of insulin and incretin secretions becomes dysregulated early in IGT.
We noticed an apparent difference in insulin secretory profiles during OGTT between GU + /NGT and GU -/NGT, despite their both being classified as NGT according to the diagnostic criteria. Hayashi et al. 26 classified the temporal patterns of insulin secretion during OGTT in non-diabetic individuals into five categories, the participants were monitored for 10-11 years for the development of diabetes. According to their classification system, the patterns of insulin secretion of GU -/NGT, GU + /NGT, and IGT in our group are classified as pattern 1, 3 and 4, respectively. They reported that the incidence of diabetes mellitus 10-11 years later was 3.2% in pattern 1, 15.4% in pattern 3 and 47.8% in pattern 4. Accordingly, GU + /NGT and GU -/NGT cannot be considered equivalent, and positive glycosuria at medical checkup, as well as the high (≥180 mg/dL) plasma glucose level at 1 h during OGTT 5 , might represent a risk factor for diabetes mellitus. The present results on altered insulin secretory kinetics in IGT in response to oligosaccharide prompted us to explore physiological abnormalities of glucose and energy metabolism in IGT using hydrophilic interaction chromatography tandem mass spectrometry. By analyzing the metabolome in the serum before and 120 min after OGTT, we identified methylcysteine and SBP as showing a significant difference between GU -/NGT and IGT. Serum methylcysteine levels were significantly reduced in both PHS/OGTT and Glc/OGTT in GU -/NGT, but not in IGT. Methylcysteine is a sulfur-containing amino acid that is present in urine and blood at a low concentration in humans 27 , but its physiological function and dynamics in the blood remain largely unknown. In the protozoan parasite, Entamoeba histolytica, metabolome analysis showed an intracellular concentration of S-methylcysteine that was markedly increased on deprivation of L-cysteine, which is essential for the structure and stability of various proteins in the protozoa 28 . Methylcysteine is classified into S-and L-methylcysteine, but we could not distinguish these forms in our present analysis. Entamoeba histolytica lives in anaerobic or microaerophilic conditions, and lacks aerobic metabolic pathways, such as the tricarboxylic acid cycle and oxidative phosphorylation, and generates energy by glycolysis 29 . To cope with the oxidative stress during infection to the host, Entamoeba histolytica has been shown to elicit a drastic change in energy metabolism, including an increase in S-methylcysteine 30 . SBP has been known as a sugar phosphate intermediate involved in the Calvin cycle, the carbon fixation pathway in photosynthetic eukaryotes 31 . Although it was reported previously that SBP can be generated from hexose 6-P, triose 3-P and sedoheptulose 7-P using rat liver cytosolic enzyme preparation 32 , the physiological role of SBP in mammals remains unknown. Husain et al. 30 reported that sedoheptulose 7-P and DHAP (dihydroxyacetone phosphate), both of which can be generated from SBP, were increased in Entamoeba histolytica by treatment with paraquat, a widely-used inducer of oxidative stress.
While metabolome analysis is a powerful tool, such analyses of IGT during OGTT have been carried out only in a few studies, so far 16, 33, 34 . Although the physiological role of methylcysteine and SBP in mammals is not elucidated in the present study, serum levels of methylcysteine and SBP may well reflect an early abnormality in glucose metabolism in prediabetes. However, it is difficult to determine a clear cutoff value to discriminate IGT from GU -/NGT, as these values in GU -/NGT and IGT overlap considerably. Accordingly, these metabolites might not serve as diagnostic indicators of IGT, but rather be useful markers for subclinical glucose intolerance.
A limitation of the present study was the relatively small sample size of IGT. We wish to duplicate a similar analysis in a larger group in the future. In addition, to generalize our observation, we must examine whether the same results occur in an older population in which the incidence of diabetes mellitus is higher, and also in other ethnic groups. Furthermore, the participants in the present study were not obese, which has been shown to be critical in developing diabetes mellitus in the Japanese population 35, 36 .
In conclusion, the present study shows that glycemic excursion after Glc/OGTT and PHS/OGTT is similar, but is not identical. By focusing on the specific differences in insulin and incretin secretion between the two OGTTs, we were able to identify dysregulation of oligosaccharide absorption in IGT. Currently, only plasma glucose levels and serum insulin levels are used for diagnosis of diabetes mellitus and for calculating subsidiary diagnostic parameters. However, the present study shows that OGTT evokes drastic changes in various serum metabolites and that some of them, including methylcysteine and SBP, might be clinically and/or pathophysiologically useful biomarkers of dysregulated glucose metabolism.
